We present a CMOS-based high-density microelectrode array (HD-MEA) system that enables high-density mapping of brain slices in-vitro with multiple readout modalities. The 4.48×2.43 mm 2 array consists of 59,760 micro-electrodes at 13.5 µm pitch (5487 electrodes/mm 2 ). The overall system features 2048 action-potential, 32 local-field-potential and 32 current recording channels, 32 impedance-measurement and 28 neurotransmitter-detection channels and 16 voltage/current stimulation channels. The system enables real-time and label-free monitoring of position, size, morphology and electrical activity of brain slices.
INTRODUCTION
Microelectrode arrays (MEAs) are well-established platforms for in-vitro extracellular investigation of electrogenic cells and tissues [1] . They are widely used for characterization of cell physiological responses of dissociated brain cells, acute or organotypic brain slices, and retinae [2] . Recent CMOS-based high-density MEA systems (HD-MEAs) comprise of thousands of electrodes at pitches down to a few µm [3] [4] , which is crucial to obtain detailed insights into cellular and sub-cellular phenomena. HD-MEAs feature mostly voltage recording and/or stimulation units [4] and they are limited either in their noise performance or spatial resolution [5] . The system presented in [6] features a combination of impedance, extracellular voltage recording, and optical detection functions, however, with only a very few number of channels and low spatial resolution. Moreover, it does not include stimulation capabilities. In this paper, we present a high-density MEA system that allows for performing six measurement modalities in parallel on any arbitrary set or subset of electrodes.
DESIGN
The electrode array routing scheme has been designed and implemented with a large number of wires and switches that can be configured in a flexible manner, so that any electrode in the array can be connected to any sensing/stimulation modality or channel (Figure 1 ). To simultaneously record electrophysiological activity of large cell networks, 2048 action-potential readout (300 Hz to 6 kHz) and 32 local-field-potential (1 Hz to 300 Hz) channels were integrated in the MEA system. Each electrophysiology recording channel consists of four fully differential amplification and filtering stages and a 10-bit analog/digital converter (ADC) to sample the channels at 20 kSamples/s. To sense the impedance magnitude and phase over a frequency range from 1 Hz to 1 MHz, 32 lock-in amplifiers were integrated on-chip. 28 neurotransmitter detection channels were included that can be used to perform, for example, cyclic voltammetry.
EXPERIMENTAL Fabrication
The HD-MEA chip was fabricated in 0.18-µm CMOS technology (6M1P) and has a size of 12.0×8.9 mm 2 [7] . The platinum microelectrodes were post-processed at wafer level by means of ion-beam deposition and etching. A multilayer SiO2/Si3N4 passivation stack was deposited by plasma-enhanced chemical vapor deposition (PECVD), to protect the CMOS circuits against the saline solution that was used as cell culture medium. On the other hand, the passivation helps to prevent the release of toxic aluminum and copper from the CMOS metal layers into the cell culture. Openings in the passivation, defining the electrode areas and wire bonding contacts, were fabricated in a reactive-ion etching (RIE) step. Figure 2 shows the bio-compatible chip packaging used for the cell culturing, a micrograph of the chip, and an SEM image of the postprocessed array surface with rat cortical neurons.
Measurement setup
To characterize different cell physiological responses of the brain slice, the HD-MEA PCB was connected to a custom-designed chip support board, which provides interfacing circuitry to communicate with the HD-MEA chip. A serial peripheral interface (SPI) was used for sending commands to configure the electrode array and the on-chip circuitry. Data from the chip was acquired using a National Instruments PXIe-6544 DAQ card, which provided a high-speed interface to a desktop PC. A custom-designed LabVIEW (NI, Texas, United States) program was running on the PC to visualize experiments and perform recordings.
Recordings
The setup was kept at room temperature during electrophysiology and impedance recording session, while the acute tissue on the HD-MEA chip was continuously superfused with carbogen-bubbled Ca-free artificial cerebrospinal fluid (ACSF) at 36°C to maintain cell viability. By using the 32 parallel impedance measurement units on the chip, a full array scanning of the 59,760 electrodes at full spatial resolution will require
Figure 2: Bio-compatible chip packaging and PCB (bottom), chip micrograph (close-up top-left), and SEM image (close-up top-right) of the post-processed array surface with rat cortical neurons. The HD-MEA chip was fabricated in 0.18-µm CMOS technology.
~1868 electrode configurations. Here, the impedance measurements were performed at 10 kHz over 120 electrode configurations to acquire the impedance values from 3200 uniformly distributed electrodes. As there are 2048 electrophysiology-recording channels that can be simultaneously used, a full electrophysiology activity scan of the entire array was done with a sparse electrode configuration (254 electrodes/mm 2 ).
RESULTS
To perform multi-functional mapping of different tissues and cell layers, an acute cerebellar slice of a wildtype mouse was placed on the array (Figure 3.a) . Four main cell layers could be differentiated: 1) white matter (WM) that consists of low-density fibers and axons but does not contain electrogenic cells, 2) the granular cell layer (GCL) featuring a high density of granular cells, 3) the Purkinje cell layer (PCL), which contains Purkinje neurons with high electrophysiological activity, and 4) the molecular layer (ML), which contains the flattened dendritic trees of Purkinje cells.
Impedance "images" (Figure 3 .b) of the brain slice were acquired by using the 32 on-chip impedance measurement channels. Different cell layers could be distinguished in these impedance images. For instance, the granular cell layer with high cell density exhibited higher impedance magnitudes than the WM or the ML layers [8] [9] . We then recorded the electrophysiological activity of the slice (Figure 3 .c) for 20 seconds. The corresponding figure clearly shows the high spontaneous electrical activity of the Purkinje neurons.
CONCLUSIONS
In this paper, we presented a CMOS chip that can perform impedance measurements along with electrophysiology recordings on 59,760 electrodes at 13.5 µm spatial resolution. The circuitry was fabricated in a standard 0.18 µm CMOS process. All circuits needed to perform impedance and electrophysiology experiments were integrated on the chip. We demonstrated the system's capability to investigate and monitor position, size, morphology and electrical activity of brain slices. The possibility to perform high-resolution impedance measurement in combination with electrophysiology recording makes our system a versatile tool for in-depth studies of tissue morphology as well as cellular behavior and dynamics.
